The liquid-phase exfoliation of tin(II) sulfide to produce SnS nanosheets in N-methyl-2-pyrrolidone is reported. The material is characterized by Raman spectroscopy, atomic force microscopy, lattice-resolution scanning transmission electron microscope imaging, and energy dispersive X-ray spectrum imaging. Quantum chemical calculations on the optoelectronic characteristics of bulk and 10-layer down to monolayer SnS have been performed using a quantum chemical density functional tight-binding approach. The optical properties of the SnS and centrifugally fractionated SnS nanosheet dispersions were compared to that predicted by theory. Through centrifugation, bilayer SnS nanosheets can be produced size-selectively. The scalable solution processing of semiconductor SnS nanosheets is the key to their commercial exploitation and is potentially an important step toward the realization of a future electronics industry based on two-dimensional materials.
■ INTRODUCTION
Orthorhombic tin(II) sulfide (SnS, Herzenbergite) 1 is a binary main group chalcogenide that has recently attracted interest because it is a semiconductor. The crystal structure of Herzenbergite ( Figure 1 ) is a layered structure of strong Sn− S bonds within a puckered a−b sheet with weak intermolecular interactions between the layers 2 that is similar in structure to that of black phosphorus, 3 with which it is isoelectronic. SnS is relatively nontoxic, comprised of earth abundant elements, and has an indirect band gap 4 similar in energy to silicon with a large absorbance coefficient (α > 10 4 ) across the ultraviolet, visible, and near-infrared regions of the electromagnetic spectrum, making it potentially useful for photovoltaic (PV) applications. The indirect optical band gap in SnS requires the active layer of PV devices manufactured from the material to be relatively thick, though the intrinsic ability of the indirect band gap to suppress direct recombination of excitons by photoluminescence confers the advantage of increased PV power conversion efficiency. Current champion solar cells which include SnS as the intrinsic semiconductor/absorber layer have power conversion efficiencies of 4.4%, 5 with a theoretical maximum of 24% predicted. 6 We have reported the synthesis of SnS thin films using aerosol-assisted chemical vapor deposition (AACVD) from dithiocarbamato-tin(II) and organotin(IV) complexes. 7, 8 Other strategies toward SnS thin films include conventional CVD, 9−15 chemical bath deposition, 16,17 electrochemical deposition, 18, 19 chemical vapor transport, 20, 21 atomic layer deposition, 22 ,23 spray pyrolysis, 24−26 and dip deposition. 27 Synthetic routes toward SnS nanoparticles are generally based around solution thermolysis of precursors. 28−35 A recent review of synthetic strategies toward SnS (as well as SnSe, SnTe, and Cu 2 ZnSnS 4 "CZTS") thin films and nanoparticles is available. 36 Two-dimensional (2-D) materials are a recently established class of materials. 37 The archetypal material, graphene, consists of an atomically thin layer of sp 2 hybridized carbon atoms. 38 Similarly, 2-D binary transition-metal dichalcogenides (TMDCs) such as molybdenum disulfide (MoS 2 ) 39 and tungsten disulfide (WS 2 ) have been prepared. 40 The thinning of layered bulk materials to their 2-D variants often has consequences such as improved mechanical, 41 conductive, 42 and optoelectronic properties 43 compared with the parent bulk materials. The search for 2-D materials beyond graphene is ongoing, 44 and recently a phosphorus analogue of graphene, socalled phosphorene, 45, 46 which is a 2-D atomic crystal of orthorhombic black phosphorus, has attracted major interest from materials scientists and physicists due to its narrow and tunable band gap (bulk E g ≈ 0.3 eV, monolayer E g ≈ 1 eV) and high hole mobility (monolayer μ ≈ 1000 cm 2 V s −1 ), bridging the band gap and carrier mobility discrepancy between graphene (zero band gap, high carrier mobility μ > 10 6 cm 2 V s −1 ) and 2-D TMDCs (wide band gap E g ≈ 2.0 eV, low carrier mobility μ ≈ 100 cm 2 V s −1 ) as well as having various anisotropic optoelectronic 47 and mechanical properties. 48 However, questions remain concerning the stability of phosphorene with respect to oxidation to phosphoric acids, which has led researchers to pursue various strategies to stabilize the material including encapsulation in aluminum oxide, 49 hexagonal boron nitride (h-BN), 50 or, in the case of liquid-exfoliated material, sterically hindered solvents. 51 The mechanism of degradation still remains unclear, and thus unanswered questions loom regarding the future use of the material.
There are a number of approaches toward the synthesis of 2-D materials. Micromechanical exfoliation (so-called Scotch tape delamination) can be used to produce large flakes of 2-D materials including, but not limited to, graphene, 2-D TMDCs, and phosphorene. 45 The method is useful for producing small amounts of large, high-quality pristine nanosheets but requires suitable large size starting crystals and is obviously not scalable. Circumventing the scale up problem, CVD methods have been developed to grow large-area graphene 52 and TMDCs. 53 Potentially, the most useful method for producing nanosheets on a large scale is liquid-phase exfoliation. In the latter method, the bulk layered crystal is placed in a liquid selected for its capability of solvating the 2-D material, 54, 55 typically N-methyl-2-pyrrolidone (NMP), and the layered materials are forced apart by ultrasonic excitation to form stable, crystalline nanosheet dispersions. 56−58 Recently, shear exfoliation in liquids containing detergents has been demonstrated as a large-scale method for the production of a range of 2-D materials including graphene and MoS 2 . 59, 60 Thus, liquid-phase exfoliation has great potential for the scaled up manufacture of 2-D materials, essential to a future electronics industry based on 2-D devices. We have recently reported the liquid-phase exfoliation of MoS 2 from molybdenite ores, 61 Cr-doped MoS 2 nanosheets from AACVD-grown alloys, 62 and few-layer phosphorene from black phosphorus. 63 Phosphorene produced by liquid-phase exfoliation of black phosphorus can potentially be of electronics grade quality. 64, 65 Group IV−VI SnS nanosheets are isoelectronic with phosphorene ( Figure 1b ) as hexagonal boron nitride is to graphene and indeed should offer the tunable bandgap benefits of phosphorene as well as possessing anisotropic optoelectronic and mechanical properties, while displaying potentially superior stability compared with the elemental group V 2-D material. SnS nanosheets have previously been produced by mainly bottom-up methods, though generally are not few-layered materials, and there is a consistent lack of analysis regarding the thicknesses of the nanosheets reported so far, 29,32,66−70 although an interesting bottom-up synthesis of isoelectronic (though structurally unrelated) ultrathin PbS nanosheets has been reported by Acharya and co-workers. 71 In this paper we report the synthesis of few-layer SnS nanosheets by liquidphase exfoliation. The synthesis is scalable and thus complements the range of materials that may be presently produced by liquid-phase exfoliation. The nanosheets are fully characterized by a range of spectroscopic and microscopic analyses, the optical band gap of exfoliated nanosheets is evaluated, and quantum chemical calculations are presented that marry experiment to theory. The synthesis of stable colloidal SnS nanosheets reported here represents an important step to the realization of 2-D inks based on SnS, which may potentially be suitable for screen printing, slot die coating, roll-to-roll processing, or inkjet printing onto flexible substrates.
■ EXPERIMENTAL SECTION
General. Tin(II) sulfide and NMP were purchased from Sigma-Aldrich. All solvents were degassed prior to use.
Instrumentation. Raman spectra were measured using a Renishaw 1000 Micro-Raman System equipped with a 514 nm laser operating at 1 mW. Atomic force microscopy (AFM) was performed using a Bruker Multimode 8 instrument equipped with a Bruker SCANASYST-AIR silicon nitride cantilever tip with a nominal radius of 2 nm operating under ambient conditions in PeakForce quantitative nanomechanical mapping (QNM) mode at a scan rate of 0.5 Hz and 512 samples per line. Samples analyzed by scanning transmission electron microscopy (STEM) were prepared by drop casting dispersions of nanosheets in NMP onto lacey carbon grids. Between drop casting and imaging, samples were stored under vacuum. High-angle annular dark-field (HAADF) STEM imaging and energy dispersive X-ray (EDX) spectrum imaging were performed using a probe side aberration corrected FEI Titan G2 80−200 S/TEM ChemiSTEM instrument operated at 200 kV with a probe current of ∼440 pA, a probe convergence angle of 21 mrad, and a HAADF inner angle of 54 mrad. EDX spectroscopy data was acquired with all four detectors on, and the sample untilted EDX spectra and spectrum images were analyzed using Bruker Esprit software, and STEM images were analyzed using Gatan Digital Micrograph and ImageJ software. Mercury or Crystalmaker software were used to generate crystal structures. UV−vis-NIR spectra were recorded using a PerkinElmer Lambda 1050 instrument, with diluted sols in NMP using quartz cuvettes with a path length of 1 cm.
Exfoliation Procedure. Tin(II) sulfide (363 mg) was added to degassed NMP (15 mL) in an argon-flushed vial and sealed tightly with a lid and the edges of the lid wrapped with parafilm. The suspensions were ultrasonicated in an Elmasonic P 70H benchtop ultrasonic bath (820 W across four horns) operating at 37 kHz frequency and 30% power for 24 h. The bath was modified by the addition of a water-cooling coil to maintain the water temperature below 30°C during sonication.
Purification of SnS nanosheets (SnS Sol A). Upon completion of the exfoliation step, an aliquot (5 mL) was removed and diluted with NMP (5 mL). The dispersion was centrifuged (Centurion 822 series benchtop centrifuge) at a rate of 1500 rpm (relative centrifugal force ∼180 g) for 45 min to remove the remaining bulk material. The top two-thirds of the supernatant was collected for analysis. An aliquot of the dispersion was spin-coated at 6000 rpm onto 300 nm SiO 2 on Si substrates using a spin coater (Ossila, U.K.) for further analysis.
Isolation of Bilayer SnS Nanosheets (SnS Sol B). To further fractionate the solution and isolate bilayer SnS nanosheets, a portion (ca. 5 mL) of SnS Sol A was centrifuged (Thermo Scientific HERAUS Multifuge X1 Centrifuge) at 10,000 rpm (relative centrifugal force ∼11620 g) for 40 min. Half of the resulting supernatant was pipetted to provide a suspension of bilayer SnS nanosheets in NMP. An aliquot the dispersion was spin-coated at 6000 rpm onto 300 nm SiO 2 on Si substrates using a spin coater (Ossila, U.K.) for further analysis.
Computational Analysis. A density functional tight-binding (DFTB) 72−76 method was used for the calculation of the band
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Article structures as well as the densities of states, band gaps, energies, and absorption spectra. It is based on the density functional theory (DFT) of Hohenberg and Kohn 77 in the formulation of Kohn and Sham. 78 The Kohn−Sham orbitals ψ i (R ⃗ ) are expanded in a set of atomcentered basis functions φ j (R ⃗ ). These functions are determined by selfconsistent density functional calculations on the isolated atoms employing a large set of Slater-type basis functions.
The effective one-electron potential in the Kohn−Sham Hamiltonian is approximated as a superposition of the potentials of neutral atoms. Moreover, only one-and two-center integrals are calculated to set up the Hamilton matrix. We have taken a minimal valence basis including the 3s, 3p, and 3d orbitals for sulfur and the 5s, 5p, and 5d orbitals for tin including scalar relativistic effects. Spin−orbit coupling has not been considered because previous publications show that the influence on the band gap is <0.1 eV. 79 States below these levels were treated within a frozen-core approximation. All calculations were performed using rectangular periodic boundary conditions in the program packages Dylax and an experimental version of the deMon code with a DFTB and linear response implementation. 80 For comparison, the band structures have been calculated also with DFT using a PBE exchange−correlation functional 81 with a DZP (double-ζpolarization contracted Gaussian basis set) basis as implemented in the Siesta 82 program package; rectangular periodic boundary conditions were applied.
The band gap energies of the bulk phase, single, and multilayers were obtained from the band structures which have been calculated for the primitive cells 83 along all symmetry lines and the absorption spectra which have been calculated for rectangular supercells with inplane edge-lengths of approximately 20 Å. For the density of states (DOS) calculations a set of 8 × 8 × 8 and 8 × 8 × 1 optimized Monkhorst−Pack k-points 84 were used for the bulk and layers, respectively. Absorption spectra were calculated by using the timedependent linear response theory and the Γ point approximation. The crystal structure of the SnS bulk phase was obtained from Wiedemeier et al. 83 The structures of the single and multilayers have been derived from this bulk structure without any further geometry optimization.
■ RESULTS AND DISCUSSION Synthesis and Characterization. Herzenbergite (SnS) is a main group chalcogenide mineral that possesses a layer structure ( Figure 1a ) of puckered SnS layers, held together by weak interlayer forces. It is essentially an isoelectronic IV−VI analogue of black phosphorus, with similar crystal packing. As with other layered materials, it was expected that liquid-phase exfoliation of Herzenbergite could potentially lead to the formation of SnS nanosheets, thinned to the nanometer scale along the [001] direction (c-axis direction of the SnS unit cell). Ultrasonic exfoliation of Herzenbergite in NMP over a period of 24 h, followed by centrifugation to remove unexfoliated bulk material led to the formation of turbid brown solutions (henceforth referred to as SnS sol A) which were further analyzed by Raman spectroscopy, AFM, and STEM. Further centrifugation of SnS sol A led to a so-called "fractionated" sol (henceforth referred to as SnS sol B) that contained SnS sheets thinned to near atomic dimensions (vide inf ra).
Exfoliated nanosheets from SnS sol A were spin-coated onto silicon substrates, and height-profiling was performed using AFM (Figure 2a ). In total, 141 nanosheets were analyzed (N = 141) to generate particle size distributions of %N as a function of nanosheet height (Figure 2c) , where the height is the distance measured of the crystallographic c axis and thus can be considered the thickness of the sheets. The nanosheets in SnS sol A were revealed to have polydisperse thicknesses up to 15 nm, with a mean thickness of 7.8 ± 2.5 nm. However, nanosheets in SnS sol B were revealed to be almost monodisperse in thickness, with a Gaussian-like particle number distribution and a mean nanosheet thickness of 4.1 ± 0.24 nm, or around 3−4 SnS bilayers based on the calculation 4.1/1.18 nm, where the denominator is taken as the c axis of the SnS crystal structure presented in Figure 1 , assuming the unit cell includes a single SnS bilayer. However, we note that this is likely to be an overestimation of the thickness in terms of SnS layers since solution-processed 2-D crystals are known to include a ∼1 nm overlayer of the solvent that the exfoliation was performed in when deposited on a substrate. 85−87 Indeed, when this is considered along with that the shortest layer-to-layer separation 2 inclusive of a single SnS monolayer in the [001] direction of SnS is ca. 0.9 nm (Supporting Information), it suggests that sheets with ca. 4 nm thickness are comprised of fewer layers than expected and that division of the height thickness found by AFM by the crystallographic dimensions to obtain the number of atomic layers in a nanosheet is potentially inaccurate. The discrepancy between AFM and predicted height from crystallography for a 2-D material with a similar corrugated crystal structure has been observed previously with black phosphorus, which adopts a similar crystal structure to SnS; Coleman and co-workers have suggested that the height of solution-processed black phosphorus monolayers is 2 nm per layer from AFM, 51 presumably because of adsorption of cyclohexyl-2-pyrrolidone molecules on the surface of exfoliated flakes. The latter monolayer measurement is much larger than that predicted by the black phosphorus crystal structure, 3 where c = 1.05 nm (includes 2 sheets per cell), but is highly reproducible. In the 
Article case of Scotch tape exfoliated monolayer black phosphorus, the overestimation is less due to the lack of adsorbed molecules but still significant (ca. 0.2 nm overestimated as 0.9 nm by AFM). 45 Conjecture that solution-processed SnS also manifests the same artifact by AFM is supported when optical absorption measurements and DFTB calculations on the SnS sol B are considered (vide inf ra). It is most likely that SnS sol B predominantly consists of bilayer SnS nanosheets based on a "corrected" value of 2 nm/layer from solution processed black phosphorus and a mean height of 4.1 nm. 51 Raman spectroscopy was used to investigate the nanosheets further with comparison to bulk SnS (Figure 2d ). Bulk SnS has 12 Raman active bands (4A g , 2B 1g, 4B 2g , and 2B 3g ). Due to the anisotropic nature of the SnS crystal structure, the direction of the incident radiation dictates the phonon modes that are observed for single crystals cleaved in the c-plane for instance. 88 For randomly orientated bulk crystallites, all phonon modes should in theory be observed simultaneously. Hence, for 2-D thinned material, the Raman spectrum should change dramatically compared to the Raman spectrum of the bulk material. The Raman spectrum of bulk SnS on a silicon substrate displays two broad bands with peak maxima at 153 and 220 cm −1 (Supporting Information). 89 The small peak at 294 cm −1 is tentatively assigned to a shift of the B 2g optical mode in bulk SnS. The Raman spectrum of SnS sol A spincoated onto a silicon substrate, on the other hand, revealed sharpened bands with peak maxima at 164, 190, and 220 cm −1 , which can be tentatively assigned to the B 3g , A g , and B 3u optical modes, suggesting that thinning of the bulk material in the [001] direction has a significant impact on the optical modes as-observed by Raman spectroscopy. The sharpening of the bands in the Raman spectrum in SnS nanosheets compared to the broad bulk profile has been observed previously in SnS nanosheets prepared by laser ablation. 90 The Raman spectrum of SnS sol B nanosheets consists of similar features compared with SnS sol A, although the B 3g , A g , and B 3u optical modes appear slightly shifted at 162, 189, and 224 cm −1 . Shifts in the positions of optical Raman bands when bulk materials are thinned to 2-D materials is a well-established phenomenon. 91 The nanosheets produced from liquid-phase exfoliation of SnS Herzenbergite were further investigated by STEM. Lowmagnification HAADF STEM images (Figure 3a−c) show that the nanosheets are typically 50−100 nm in lateral dimension often with aspect ratios of around 1.5−2.0, suggesting that exfoliation is potentially anisotropic with respect to the a and b crystallographic axes, possibly not surprising for a material that shows structural anisotropy in the ab plane. Atomic resolution HAADF STEM imaging demonstrates the highly crystalline nature of the nanosheets that appear largely defect-free. Fourier transformation of the atomic resolution HAADF STEM images for single nanosheets imaged in the [001] direction (Figure 3 e) demonstrate the crystallinity of the sheets, with the expected 
Article crystallographic lattice reflections. EDX spectrum imaging of a single SnS nanosheet (Figure 3d ) confirms undoubtedly that the tin and sulfur signals are colocalized showing an even distribution within the nanosheets and the absence of any impurities (Figure 3g−i) . Histograms of the lengths, widths, and aspect ratios of nanosheets imaged by HAADF STEM are presented in the Supporting Information.
Optical Bandgap of SnS Nanosheets. The optical band gap of SnS sol A was determined using UV−vis-NIR absorbance spectroscopy (Figure 4) . The absorbance spectrum of the nanosheets has a broad featureless profile, with the onset of absorbance beginning at ca. 1.0 eV. The optical band gap of SnS nanosheets in NMP solution is estimated to be ca. 1.03 eV from the corresponding Tauc plot, and the electronic transition is indirect in nature. There is likely to be systematic error in this value due to the potentially large scattering component associated with sols that contain larger nanosheets. 92 For fractionated SnS sol B, the optical bandgap was determined as 1.65 eV from the corresponding Tauc plot. This band gap energy is significantly higher in energy compared with SnS sol A, due to confinement of the nanosheets in the c direction. The accuracy of the latter measurement is expected to be much greater, due to less scattering by thinner nanosheets.
Theoretical Calculations of Nanosheet Semiconducting Properties and Comparison to Experiment. The calculated band structures for bulk SnS, a 10-layer sheet, a SnS bilayer, and a SnS monolayer are shown in Figure 5 . In agreement with previous calculations, 93 all structures were found to be indirect semiconductors.
From the calculated density of states curves ( Figure 6 ), it can be concluded that the band gap energy undergoes a systematic and substantial increase of more than 0.5 eV from bulk to bilayer and shows a significant increase for the monolayer.
The evolution of the optical band gap as a function of the thickness can be seen clearly in Figure 7a . This evolution is manifested in the onset of the optical absorption presented in Figure 7b . A comparison of the calculated bulk value to the experimental one of 1.1 eV 95 shows also a good agreement between theory and experiment.
The experimental band gaps determined by optical absorption spectroscopy (red dashed lines, Figure 7a ) were overplotted on the optical band gaps calculated by the DFTB approach. It was found that the calculated values matched well for SnS sol A being comprised of around 8 SnS layers on average, though from the AFM results it is likely that this is reflective of the majority species in solution as the nanosheets are polydisperse, and as such should be interpreted with care. On the other hand, SnS sol B, which contains monodisperse nanosheets of mean thickness 4.1 ± 0.2 nm calculated from analysis of AFM images, matches well to the band gap calculated for bilayer nanosheets from the DFTB approach. We 
Article suggested that a corrected value for solution processed nanosheets based on measurements in the literature might be on the order of 2 nm/layer, and this matches extremely well to the results from optical absorption experiments and DFTB calculations. We therefore conclude that SnS sol B contains mainly bilayer nanosheets. Interestingly, monolayer SnS nanosheets are not observed at all, suggesting that there is some thermodynamic stability to the bilayer that prevents its further exfoliation to monolayer SnS in solution.
■ CONCLUSIONS
We have used liquid-phase exfoliation to prepare SnS nanosheets from bulk SnS (Herzenbergite). The nanosheets can be size-selectively fractionated by centrifugation to produce bilayer SnS. Raman spectroscopy shows striking changes upon thinning, with sharpened peak maxima at 164, 190, and 220 cm −1 , which can be assigned to the B 3g , A g , and B 3u optical modes of SnS. HAADF STEM confirmed the crystallinity of nanosheets and combined with EDX spectrum imaging demonstrated the homogeneity of the elemental distribution of Sn and S within the nanosheets. The DOS and electronic and optical band gaps of bulk to monolayer SnS have been calculated using a quantum chemical DFTB approach. The measured optical properties correspond well to the optical band gaps predicted by quantum chemical DFTB simulations. The band gap of SnS can be tuned by varying the number of SnS layers, which is supported by experiment. This study paves the way for large scale synthesis of main group IV−VI semiconducting nanosheets with a tunable band gap. Scalable process such as the one reported here will be the key to the commercial success of 2-D materials in the future electronics industry. Table 2 of Lorenz et al. 94 The edges of the valence bands have been shifted to zero. 
